Summary: The effect of ventriculocisternal perfusion with mock CSF with alkaline or acidic pH on the local CMRglu (LCMRg1u) in the caudatoputamen was studied in artificially ventilated and relaxed rats. In control rats both lateral cerebral ventricles were perfused with mock CSF at pH 7.4, In the experimental series one cerebral ventricle was infused with normal mock CSF while the other was infused with mock CSF in which the pH was
There is ample evidence that the extracellular fluid pH plays an important role in the regulation of CBF (Betz and Heuser, 1967; Kuschinsky et al., 1972; Pannier et al., 1972; Britton et al., 1979) . Less is known, however, about the effect in vivo of changes in the cerebral extracellular fluid pH on local CMRg1u (LCMRg1u)' In vitro observations point to an important influence of the brain tissue pH on cerebral glucose metabolism (Domonkos and Huszak, 1959; Weyne et al., 1970) . Studies during hypercapnia show a decreased glycolytic flux (Messeter and Siesjo, 1971; Folbergrova et al., 1972 Folbergrova et al., , 1975 Folbergrova and Siesjo, 1973; Kogure et al., 1975 ) and a decreased glucose utilization (Miller et al., 1975; Borgstrom et al., 1976; Des Ro siers et al., 1978) , whereas hypocapnia induces an increased glycolytic flux (MacMillan and Siesjo, 1973; Norberg, 1976) .
In various types of systemic acidosis, we have found divergent changes in LCMRglu depending on decreased or increased by changing [HCO)]. LCMRg l u was depressed in acidotic brain tissue while it was strongly increased in alkalotic brain tissue. The impor tance of these alterations in brain glucose metabolism for the homeostatic regulation of brain pH is discussed. Key Words: 2-Deoxyglucose-Intracerebral pH-Local brain metabolism.
the kind and duration of the acidosis. It decreased in acute and prolonged hypercapnic acidosis and in prolonged nonrespiratory acidosis; it increased in acute hypocapnic metabolic acidosis. Differences in intracerebral pH changes have been proposed as an explanation for these observations (Van Nimmen et al., 1984) .
Owing to the existence of the blood-brain bar rier and specific acid-base regulating mechanisms in the brain, no simple relationship exists between changes in arterial blood pH and extracellular fluid pH in the brain (Leusen, 1972; . This makes it difficult to interpret the changes ob served in LCMRg1u in cases of systemic acidosis in terms of extracellular fluid pH.
The present study deals with the influence of di rect changes of the pH in the cerebral ventricles on LCMRg1u, measured with the [14C]2-deoxyglucose ([14C]DG) method developed by Sokoloff et al. (1977) . Intraventricular pH changes were produced by way of a ventriculocisternal perfusion with mock CSF with variable [HC03l
METHODS

Chemicals
2-[1-14C]DeoxY-D-glucose. with a specific actlVlty of 51.3 mCi mmol-1 and a radiochemical purity of 98.5%, obtained from New England Nuclear (Boston, MA, U.S.A.) in flasks containing 250 !-LCi, was dissolved in 2.5 ml ethanol. For each experiment an appropriate amount of that solution was evaporated under a stream of ni trogen gas and redissolved in 0.5 ml physiological saline. Calibrated [l4C]toluene for the internal standardization of radioactive plasma samples was obtained from Packard Instruments (Downers Grove, IL, U.S.A.). Enzymes and reagents for the measurement of plasma glucose concen tration were obtained from Boehringer (Mannheim, F.R.G.).
Composition of mock CSF
Normal mock CSF was prepared as follows (mM H20): NaCl 118; KCI 3.3; NaHC03 28; Na2HP0 4 ' 2 aq. 0.5; CaCl2 1.3; MgCl2 1.2; sodium lactate 2; glucose 3.1. The acidic mock CSF and the alkaline mock CSF contained 4 and 60 mM NaHC03, respectively, the changes in [HCO)] being balanced by opposite changes in [Cl-] to keep osmolality constant. The solutions were always freshly prepared and were equilibrated with 5% CO2 in O2 at 37°C for 30 min before use.
Animal preparation
Adult male Wistar rats (3 20-330 g) from our inbred laboratory strain were used. Surgical procedures were performed under light halothane anesthesia (1 % halo thane in 30% O2-70% N2). Two femoral arteries were catheterized with polyethylene tubing (PE-50) for contin uous blood pressure recording (RP Dynograph; Beckman Instruments, Geneva, Switzerland) and sampling of blood for the determination of the pH, Peo2, Po2, hemat ocrit, and glucose and 14C concentrations; one femoral vein was also cannulated for the infusion of [14C]DG. The body temperature was measured in the rectum and kept close to 37°C by an external heating pad (model 73A; Yellow Springs Instruments, Yellow Springs, OH, U.S.A.).
Ventriculocisternal perfusion
The rats were tracheotomized, relaxed with intrave nously administered gallamine (10 mg, followed by 2 mg every 30 min), and artificially ventilated (Palmer respira tion pump for small animals) with 30% O2-70% N20. The head of the rat was immobilized in a stereotaxic frame (La Precision Cinematographique, Asnieres-Seine, France) and small holes were drilled through the parietal bone at points 2 mm lateral to the sagittal suture and I mm posterior to the coronal suture; a bilateral ventricu locisternal perfusion was installed 60 min later by the in sertion of two fine inflow needles (outer diameter 0.29 mm), one on each side, in the lateral cerebral ventricles at the level of the caudatoputamen. An outflow needle (outer diameter 0.61 mm) was placed through the atlan tooccipital membrane into the cisterna magna. The inflow needle chambers were connected to 5-ml glass syringes in a constant-speed perfusion pump (Harvard Apparatus, Millis, MA, U.S.A.) and to a strain gauge (Gould Statham, Oxnard, CA, U.S.A.) for continuous moni toring of the perfusion pressure. A slow perfusion rate (0.003 ml min-I) of mock CSF was given while lowering the inflow needles through the brain by means of a mi crometer; a sudden fall in perfusion pressure indicated the correct localization of the needle tips in the lateral ventricles; 5-10 min later the perfusion rate was in creased to 0.007 ml min-l and kept at that level throughout the experiment. Thermistor-controlled tem perature of the perfusate was kept at 30-32°C by radiant warming. A sample of cisternal CSF was withdrawn an aerobically before the ventriculocisternal perfusion started and at the beginning and the end of the [14C]DG experiment for the determination of the total CO2 content (Natelson microgasometer; Scientific Industries, Spring field, MA, U.S.A.).
Experimental groups
Three series of ventriculocisternal perfusion experi ments were performed; each series involved at least six rats. In series N-N both lateral cerebral ventricles were perfused with normal mock CSF; in series Ac-N and Alc-N the left (control) cerebral ventricle was infused with normal mock CSF and the other (experimental) ce rebral ventricle with mock CSF in which the pH was de creased or increased by changing [HCO)].
A control series without ventriculocisternal perfusion was included for comparison. In this series the rats were allowed to breathe spontaneously a gas mixture of 30% O2-70% N2 after cannulation of the femoral vessels and the discontinuation of halothane. These animals were placed in small individual plastic cages that were shielded to minimize external stress. In all rats arterial blood samples were taken at regular time intervals for determi nation of hematocrit, pH, Peo2, and P02 (measured with the appropriate electrodes at 37°C) (Radiometer, Copen hagen, Denmark); plasma [HCO)"] was calculated from the pH and the Peo2 Siggaard-Andersen nomogram (Sig gaard-Andersen, \963).
[14C]DG autoradiography
The experimental details have been described exten sively elsewhere (Sokoloff et aI., 1977) . In short 30 min following the onset of the ventriculocisternal perfusion, or 90 min after preparation in the control series, 100 f,LCi kg-l [14C]DG was injected intravenously as a bolus. During the following 30 min, arterial blood samples were taken at regular intervals and immediately centrifuged. Equal quantities of plasma (20 f,L1) in a mixture of 4 ml Instagel and 1 M HCI (9: 1, vol/vol) were assayed for their 14C concentration by liquid scintillation counting (Tri carb liquid scintillation spectrometer; Packard). Plasma glucose concentration was measured at 10-min intervals by means of the hexokinase method.
Thirty minutes after the administration of the isotope, the animals were killed by the intravenous injection of 1 ml saturated KCI; the brain was rapidly removed and im mersed in liquid Freon at -30°C, usually within 3 min after death. The tissue 14C activity was determined with quantitative autoradiography. Coronal sections, 20 f,Lm thick, were prepared in a cryostat at -22°C (Frigocut, model 2700; Jung, Nuszlock, F.R.G.) and subsequently exposed to x-ray film (SB-5; Kodak) for 10 days, together with a set of plastic standards of known 14C concentration (Radiochemical Centre, Amersham, England). Measure ments of the optical density of the resultant images were made with a densitometer (Densichron, model PPD; Sar gent Welck, Skokie, IL, U.S.A.) equipped with a 0.2-mm aperture. The tissue 14C concentration was derived by re lating the optical density of a given brain structure to those of the calibrated 14C standards. The LCMRglu was calculated from the tissue 14C concentration and the arte rial curves for 14C and glucose, using the operational equation developed by Sokoloff et al. (1977) as modified by Savaki et al. (1980) . Most reproducible effects of ventriculocisternal perfu sion on the LCMRg1u were observed in the caudatopu tamen, a large structure in the immediate vicinity of the lateral cerebral ventricle.
Within the caudatoputamen peri ventricular, middle, and deep regions were arbitrarily distinguished on the basis of the distance to the lateral ventricle. For each of these regions, at least 15 densitometric readings on at least five different sections were carried out; the corre sponding regions from both sides were compared in each animal and the statistical significance of the left-right differences in LCMRg1u were evaluated using the Stu dent's t test for paired samples.
RESULTS
General conditions
The physiological variables were fairly stable in time over the whole experiment. The measured values of these parameters at the beginning of the [14C]DG experiment are summarized in Ta ble 1.
The blood acid-base composition of the control rats concords with the data published for awake un restrained rats (Brun-Pascaud et aI., 1982) . Mainly because of a slight decrease in plasma [HC03], the pH for all ventilated animals was somewhat lower than that of the control animals. The val ues of P a02' mean arterial blood pressure, hematocrit, plasma glucose, and body temperature were all within physiological limits. The plasma glucose level was stable during the LCMRg1u measurements.
The inflow needle pressure was between 5 and 15 cm H20 and remained at that level throughout the experiment, while the cisternal outflow rate kept pace with the combined ventricular inflow rate. Ex periments in which either the inflow needle pres sure was abnormally high and/or the cisternal out flow was abnormally low were discarded.
In the N-N experiments the measured CO2 con tent of the endogenous cisternal CSF (before perfu sion) and the value after 30 min of ventriculocisternal perfusion (which also marks the beginning of the LCMRg1u measurements) were very similar, while in Ac-N experiments a decrease of 29% and in Alc-N an increase of 22% in CO2 content oc curred (Table 2 ). In separate experiments the CO2 content of the cisternal outflow proved to be re markably constant in samples taken> 30 min after the start of the ventriculocisternal perfusion. Be cause of radioactive contamination during the [14C]DG experiment, such later samples were not taken during the actual experiments.
Effect of ventriculocisternal perfusion on LCMR g 1u in the caudatoputamen (Table 3 ; Fig. 1 ) No left-right differences in the three regions (peri ventricular, middle, or deep) of the caudatopu tamen were observed in the N-N series and in the control group without ventriculocisternal perfu sIOn.
In the Ac-N series a depression of the LCMRg1u was noted at the acid side. This depression was most pronounced in the periventricular region ( -22%); the change was statistically significant in the three regions.
In the Alc-N series a striking increase in the LCMRg1u was found at the alkaline side in the peri ventricular region (+ 125%) (Fig. 1) . In the deeper regions there were no statistically significant left right differences.
The comparison of the LCMRg1u in the different regions of the caudatoputamen in the ventriculocis ternal perfusion experiments shows a higher meta bolic rate in the deep region than in the middle re gion. Such a difference was not observed in the control rats. In the peri ventricular zone the LCMRg1u appeared to be lower in the control rats and in the N -N and Ac-N rats than in the rest of the caudatoputamen. In AIc-N rats the reverse was the case on the experimental side. 
DISCUSSION
It is well known that electrolytes, when injected into the cerebroventricular system, penetrate freely from the CSF into the extracellular spaces of the brain and vice versa. Thus, when mock CSF with high [HC03] (pH � 7.7) perfuses the cerebral ven tricles, HC03 will diffuse into the brain extracel lular fluid along its concentration gradient. Con versely when the ventricles are perfused with low-[HC03] mock CSF (pH � 6. 8), HC03 will dif fuse out of the brain extracellular fluid into the CSF. Since the PaC02 level remains unchanged, the pH of extracellular fluid will consequently show some shift in the alkaline or acidotic direction. The exact change in the tissue pH is hard to predict as it will depend upon many variables such as fluid dy namics (formation of endogenous CSF versus flow rate of the artificial CSF) and compensatory mech anisms pertinent to the acid-base regulation known to exist in the CSF and in the brain tissue .
Ventriculocisternal perfusion was chosen as an experimental model to modify locally the extracel lular fluid pH in the brain while minimizing sys temic influences.
During ventriculocisternal perfusion changes in the LCMRgl U were observed especially in the struc tures adjacent to the lateral cerebral ventricles Table 1 ). Note the difference from the left to the right in the caudatoputamen, especially the darkening of the periventricular region on the alkalotic side (left side of image).
(e.g., hippocampus, caudatoputamen, septal nu cleus). Changes in the caudatoputamen proved to be the most reliable and therefore were examined more systematically. In control rats LCMRglu in the different zones of that large structure appeared, with the exception of a lower value at the superfi cial rim, to be very homogeneous. During ventricu locisternal perfusion this homogeneity seemed Local CMRglll was measured in control rats (control) and in rats in which both lateral ventricles were perfused with normal mock CSF (N-N) or in which one lateral ventricle was perfused with acidotic mock CSF (Ac-N) or alkaline mock CSF (Alc-N). N, normal mock CSF; Ac, acidotic mock CSF; Ale, alkaline mock CSF. Values are means ± SE expressed as fLmol 100 g-I min-I, n = no. of animals.
Student's I test for paired samples: ap < 0.01; b p < 0.02; cp < 0.05.
somewhat disturbed and LCMRglu was systemati cally a little lower in the middle than in the deeper region. We have no ready explanation for the ap pearance of such a "cytoarchitectural pattern" during ventriculocisternal perfusion. We emphasize that this possible (small) effect does not interfere with our conclusions, which are based on left-right differences.
A depression of LCMRglu was demonstrated in the caudatoputamen at the acidotic side in the Ac-N series; on the other hand, a strong enhance ment of the LCMRglu occurred at the alkalotic side in the Alc-n series.
For the interpretation of our data, the question arose of whether proper conditions for the applica tion of the [14C]DG technique for measuring LCMRglu existed in these experiments. A steady state of the cerebral glucose metabolism, which is required for this method, was probably present as all measured physiological parameters showed a great constancy and [HC03] in the cisternal outflow was stable 30 min before and during the [14C]DG experiment. The influence of possible variations of the kinetic constants kt, kr, and kj was minimized by waiting a sufficiently long period between the injection of the tracer and the decapitation (Soko loff, 1979) .
Alterations of the lumped constant, which relates the cerebral metabolism of glucose to that of DG, could have serious effects on the LCMRglu mea surements. Such alterations may occur whenever imbalances are created that lead to changes of the brain glucose content, e.g., during ischemia, hypo glycemia, and seizures (Crane et aI., 198 1; Gjedde, 1982; Pardridge et aI., 1982) .
During hypercapnia a 25 -100% increase of brain glucose content has been observed (Folbergrova et aI., 1972; Kogure et aI., 1975; Miller et aI., 1975) ; such an increase could also have occurred in the acidotic brain tissue in the Ac-N experiments, but this would have very little influence on the lumped constant (Crane et aI., 198 1; Gjedde, 1982; Par dridge et aI., 1982) .
The present demonstration of a decreased LCMRglu in acidotic brain tissue corroborates studies in which intracerebral acidosis was induced by systemic acute or chronic hypercapnia or chronic metabolic acidosis and in which a de creased glycolytic flux in the brain (Messeter and Siesjo, 1971; Folbergrova et aI., 1972 Folbergrova et aI., , 1975 Folber grova and Siesjo, 1973; Kogure et aI., 1975 ) and a decreased cerebral glucose metabolism (Miller et aI., 1975; Borgstrom et aI., 1976; Des Rosiers et aI., 1978; Kuschinsky et aI., 1981; Van N immen et aI., 1984) were found.
J Cereb Blood Flow Metab, Vol. 6, No.5, 1986 During severe hypocapnia the brain glucose con tent was found to decrease by 20-25% (MacMillan and Norberg, 1976) ; a comparable de crease in brain glucose content may have occurred in the Alc-N experiments. In these circumstances the lumped constant is expected to increase by some 10% (Pardridge et aI., 1982) , and conse quently the LCMRglu values may have been also overestimated by some 10%. As the LCMRglu value increased at the alkalotic side in the Alc-N series by � 1 25%, it is clear that the possible use of an incorrect lumped constant in these experiments could not have accounted for more than a part of the observed increase.
The important increase of LCMRglu in alkalotic brain tissue is in agreement with the increased gly colytic flux observed in hyperventilated hypo capnic animals (MacMillan and Siesjo, 1973; Nor berg, 1976) .
The striking increase in the LCMRglu during tissue alkalosis also confirms the concept that an increased glycolysis is responsible for the sharp in crease of lactate and pyruvate in the brain with in creasing brain pH (Weyne et aI., 1970; Siesjo, 1978) . Assuming that in alkalosis (e.g., hypocapnia) cerebral oxygen utilization remains constant (Nor berg, 1976; Siesjo, 1978) , an increase in CMRglu of, e.g., 50 f,Lmol 100 g-I min-I will increase the pro duction of lactate by 100 f,Lmol 100 g-I min-I. It is conceivable that such an enhanced production rate will increase the lactate concentration by several millimoles per kilogram in a few minutes. This in deed occurs (Norberg, 1976) .
The rise in CMRglu in alkalosis is much more pro nounced than its fall in acidosis. Such an "asym metrical" effect has also been observed for the lac tate concentration (Weyne et aI., 1970) . In the present experiments the very high CMRglu (and lac tate production) in the superficial layer of the brain during alkalosis probably impedes the diffusion of HC03 into deeper regions by a local titration of this ion. Although this remains speCUlative, the fact that the effect of alkalosis on CMRglu, in contrast to that of acidosis, is not statistically significant in the deeper regions for a greater effect in the superficial layers favors such a view. The link between the in tracerebral pH and the CMRglu appears to be the activity of the pH-sensitive enzyme phosphofructo kinase; a modification of its activity could serve ho meostatic purposes in regulating the brain pH through the formation or consumption of organic acids (e.g., lactic acid) (Weyne et aI., 1970; Leusen, 1972; Siesjo, 1978; Van Nimmen et aI., 1984) .
The present results demonstrate the sensitivity of CMRglu to changes in the intracerebral pH and add evidence to the p ro p osed hy p othesis that chan g es in the intracerebral p H can ex p lain the observed o pp osite chan g es in the CMRglu durin g various forms of systemic acidosis (Van Nimmen et aI. , 1984) .
